ABSTRACT In this paper, the influence of traps on the dynamic on-resistance (R dson ) and switching time of AlGaN/GaN high-electron-mobility transistors is validated by means of a switching power converter with floating buck-boost topology. A new scheme based on the voltage-dependent dynamic R dson is proposed to extract the average activation energy of device degradation. The average activation energy obtained is 2.25 eV at 50-200 V and 2.60 eV at 200-600 V. In addition, the dynamic R dson is accurately extracted by a unique extraction circuit with high switching frequency up to 1 MHz and high off-state voltage up to 600 V. Meanwhile, the switching times at turn-on and turn-off transitions are captured in a floating buck-boost converter, showing that the transconductance decreases with increasing drain voltage. Furthermore, the effect of parasitic output capacitor on the dynamic R dson is investigated by an experimental method. Finally, a proper hard operating mode is proposed to alleviate the influence of the trapping effect on the performance of switching power converters.
I. INTRODUCTION
AlGaN/GaN high-electron-mobility-transistor (HEMT) power devices are promising candidates for use in switching power supplies due to their excellent performances, as exemplified by their high breakdown voltage, high-temperature operation and high switching speed [1] - [3] . AlGaN/GaN HEMTs outperform their Si-and SiC-based counterparts through their smaller size, lighter weight and greater efficiency [4] , [5] . Unfortunately, AlGaN/GaN HEMTs have various reliability problems during continuous work, especially under a high off-state voltage and high switching frequency. When the transistor operates in off-state with a high drain voltage (V drain ), electron trapping process will become serious, leading to an undesirable degradation of the dynamic on-state resistance (R dson ) [6] and the occurrence of gate lag [7] .
Numerous works have characterized the trapping effect of AlGaN/GaN HEMTs by different methods [8] - [13] . For example, Klein et al. [9] investigated the deep traps in GaN metal-semiconductor field-effect transistors (MSFET) by means of the spectral dependence of the optical quenching measurements, and Zhang et al. [10] characterized interface acceptor-like traps by pulse-drain-voltage measurement. In addition, the activation energy of traps in the AlGaN/GaN HEMT device can be obtained by capacitance-mode deeplevel transient spectroscopy, and deep-level optical spectroscopy, etc. [22] , [23] . Although these methods can obtain directly activation energy of traps by physical or analytical analysis, they cannot provide intuitive insight that how the traps influence the performances of the switching power converter. Thus, it is of great importance to measure the trapping effects of a HEMT device in a practical switching circuit.
In this paper, we set up a floating buck-boost circuit to observe the trapping effect and obtain the average activation energy of device degradation by testing the voltage-dependent dynamic R dson . The switching time at the turn-on and turn-off transitions are also captured by an oscilloscope in trigger mode, and the transconductance (g m ) is shown to decrease with increasing drain voltage. In addition, the effect of trapping effect on the dynamic R dson is investigated experimentally by paralleling an extra-extended parasitic capacitor. Finally, we propose a quasi-resonant mode (QRM) to reduce the impact of the trapping effect on the hard power switch. Fig. 1(a) and (b) show the lumped equivalent circuit and the printed circuit board (PCB) with floating buck-boost topology, respectively. The circuit includes an LED output, a commercial E-mode AlGaN/GaN HEMT of GS66502B from GaN Systems Inc. and a dynamic R dson extraction circuit. The dynamic R dson extraction circuit is shown in the dotted box, and a double-diode isolation (DDI) method is adopted to attain high measurement precision [14] . In particular, to improve the high-frequency response, all the functional diodes have a very low parasitic capacitance. For example, the double isolation diodes D 1 and D 2 are selected UF4007 (1 A/1000 V), which have a very low parasitic capacitance of less than 40 pF under a voltage stress of less than 10 V, and their reverse recovery time (t rr ) less than 100 ns. Meanwhile, the clamping and freewheeling diodes D 3 and ZD 1 are selected 1N4148 (150 mA/100 V) and general Zener diode (5 V/0.5 W), which have a low parasitic capacitance of 0.9 pF or smaller, and their t rr should be less than 5 ns. Constant current I 1 consists of a 5 V constant voltage source and a constant current diode at 3 mA or lower. The constant current diode is actually a junction-field-effect transistor with gate-source short connection, so the I 1 can achieve a great constant current within a certain range of voltage. 2 k R t provides a small load for I 1 , while R t and 2 R 1 , R 2 are used to suppress the voltage spike. Then, the dynamic R dson can be extracted at on-state by a low-voltage probe (P2221) with 1:1 attenuation which cannot amplify the background noise.
II. EXPERIMENT AND SIMULATION SETUP
The enhancement-mode device structure which is similar to the structure of GS66502B [15] , as is shown in Fig. 1(b) . It is used for the TCAD simulation to obtain the distribution of the electric field around the drain-side gate edge in the AlGaN layer (E 1 ), the AlGaN/GaN interface (E 2 ) and the GaN layer (E 3 ) in a normal condition of 300 K temperature. This structure consists of a 50 nm p-type GaN gate, a 2 nm GaN cap, a 25 nm Al 0.3 Ga 0.7 N barrier layer, a 2 µm GaN buffer layer, a 1 nm AlN spacer, and a 200 nm Si 3 N 4 passivation layer. The gate length (L g ), gate-source distance (L GS ) and gate-drain distance (L GD ) are set to 1 µm, 2 µm, and 4 µm, respectively. Donor-type surface traps with a level of 0.3 eV below the conduction band edge and a concentration of 1.0 × 10 13 cm −3 [16] and acceptor-type buffer traps with a level of 0.36 eV and a concentration of 1.0 × 10 17 cm −3 are set in accordance with [17] . The polarization effect is taken into account by the built-in self-consistent polarization model of the Atlas simulator [18] . The low field mobility model as a function of doping and temperature following the work of Albrecht and the high field dependent mobility model are specified by ALBRCT.N and GANSAT.N on the MOBILITY statement, respectively [19] . Fig. 1 (c) demonstrates the comparison of breakdown characteristic between the simulation result for the device in Fig. 1 (b) and the tested result from the datasheet of GS66502B [20] . The breakdown point of GS66502B can be obtained at 650 V while the drain current reaches to 12.5 µA. It is shown in a good agreement with the simulation result for the device in Fig. 1 (b) which is 673 V at the same drain current. Therefore, it is credible to use the device structure in Fig. 1(b) for extracting the electric field distribution by Silvaco simulation. Because the breakdown voltage of the device is closely related to the electric field at the gate edge, and this kind of method had been verified in the state-of-the-art papers [21] , [22] .
418 VOLUME 7, 2019
III. DISCUSSION ON ACTIVATION ENERGY OF DEVICE DEGRADATION
To obtain evidence of trapping effects in experiments, we extracted the dynamic R dson at on-state and the switching time at turn-on and turn-off transitions. Fig. 2 (b)-(d) shows the dynamic R dson normalized by the direct current (DC) R dson under different V ds_off , f s and duty cycle with a resistive load, which is extracted at on-state by taking the average value in a stable region marked in Fig. 2(a) . Fig. 2(b) shows that the normalized dynamic R dson initially increases gradually with increasing V drain under the conditions of 80% duty cycle and 100 kHz operating frequency (f s ), and then rises quickly when the V drain exceeds 200 V. This process is assumed to be thermally activated, with a rate constant that follows the Arrhenius' law [23] - [25] :
where, A is a pre-exponential factor, k B is the Boltzmann constant, E a is the activation energy and T is the temperature. In order to fully consider the effect of electric field on the activation energy of device degradation, such as the increase of the dynamic R dson associated with electron trapping effect, the E-model [26] of time-dependent dielectric breakdown (TDDB) is employed, then the (1) can be extrapolated by [23] 
where, γ is the electric field acceleration (in units of cm/MV) [26] , [27] , E is the electric field, and the slope is the rate of change of the physical variable of interest. Notably, the temperature rise (T rise ) is proportional to the conductive power loss (P CON ) which is proportional to the dynamic R dson .
where, P sw is the switching power loss, I rms_DS is the rootmean-square drain current of the HEMT device, and k is the scale factor of P con and P sw . P con , P sw and k can be obtained by calculating the power loss, under the conditions of 80% duty cycle and 100 kHz operating frequency (f s ). R θJA is the junction-to-ambient thermal resistance of the AlGaN/GaN HEMT device. Thus, the slope in (2) can be written by
We can substitute (5) into (2) and obtain E a by where, γ 1 and γ 2 are the acceleration factors of the electric field in the AlGaN and GaN layers, respectively. The value of E a here is the average for all activation energy. We can then extract the E a through the following steps, as shown in Fig. 3 .
1) First, the ln (1/slope) can be read from the linear fitting curve in Fig. 2(b 2) Second, the I rms_DS , P CON and the P sw can be calculated according to the method presented in [28] , under the conditions of 80% duty cycle and 100 kHz operating frequency (f s ), and the results are listed in Table 1 . 3) Third, the average value of the electric field around drain-side gate edge in the AlGaN layer (E 1 ), the AlGaN/GaN interface (E 2 ) and the GaN layer (E 3 ) can be simulated by the TCAD method. The electric field contour of E 1 , E 2 and E 3 inside the HEMT structure are shown in Fig. 4 . The simulated results are listed in Table 2 while the voltage of gate-source (V gs ) is set to −5 V and the HEMT device is in its off-state. We can then obtain an electric field of 3.6 MV/cm at 50-200 V V drain and 5.3 MV/cm at 200-600 V V drain under the conditions of 1μm gate length, 2μm gatesource distance, 4μm gate-drain distance and without field-plate. As can be seen from the Table 2 , when the V drain is greater than 200 V, E 1 and E 2 remain almost unchanged and reach the critical breakdown electric field at the drain-side gate edge which is near the depletion region. However, E 3 increases substantially and will lead to serious trapping behaviors in the buffer layer when the V drain is greater than 200 V. 4) Fourth, the γ 1 can be estimated to be 21. V drain [29] , according to the following equation [26] 
where, t bd (E p1 ) and t bd (E p2 ) are the breakdown time under applied electric field E p1 and E p2 , B is a constant. Similarly, the γ 2 is 0.9 cm/MV at 200-600 V V drain . Therefore, the calculated value of E · γ 2 at 50-200 V V drain is approximately one third of that at 200-600 V V drain . 5) Finally, the average activation energy of traps can be calculated by (6) , and the value is 2.25 eV at 50-200 V V drain and 2.60 eV at 200-600 V V drain . Generally, the energy levels of surface and interface states in AlGaN/GaN HEMTs are in the range of 0.06-2.3 eV, whereas the activation energy of traps in the AlGaN and GaN layers is located in a deeper range from 2.47 to 3.93 eV [30] , [31] . Therefore, we think that the activation of deeper traps in the AlGaN or GaN layers under higher V drain is responsible for the knee point of dynamic R dson at 200 V V drain in Fig. 3(b) . Fig. 3(c) and Fig. 3(d) show the impact of f s and duty cycle on the normalized dynamic R dson under 100 V/400 V V ds_off and 80% duty cycle, respectively. When the device is operated at greater than 100 kHz, as in Fig. 3(c) , the changes in the dynamic R dson become more obvious. When the device is operated at 1 MHz, the dynamic R dson increases nearly 20% compared with those of the device operating below 100 kHz under the same V ds_off . In Fig. 3(d) , the dynamic R dson rises rapidly when the duty cycle is less than 420 VOLUME 7, 2019
20%. In the case of a smaller duty cycle, the trapping time at the off-state is longer, whereas the de-trapping time at the on-state is shorter. Similarly, it is well-known that the trapping time of electrons is in ns and far faster than that de-trapping time of electrons which is in second [32] , [33] . Thus, the trapped electrons are accumulated and worsen the device performance. Therefore, a high f s and a low operating duty cycle can lead to an increase in dynamic R dson under a continuous switching test. This effect should be considered in circuit design.
IV. DISCUSSION ON SWITCHING TIME
The turn-on and turn-off waveforms are captured in Fig. 5(a) and Fig. 5(b) , under conditions of 400 V V ds_off , 100 kHz operating frequency (f s ), 10% duty cycle, 100 V/1.5 A output and continuous operating mode (CCM). Parameter t 1 is the rise time of the drain current from 0 to the residual current of the power inductor; it depends on the transconductance (g m ) of the AlGaN/GaN HEMT in the linear region. Parameter t 2 is the discharge time of the drain-source capacitor (C ds ). The sum of t 1 and t 2 is the switching on transition time (t turn-on ). Parameter t 3 is the switching off transition time (t turn_off ) while the drain current falls and drain voltage rises. Under an applied high electric field, traps are activated and can capture electrons that escape from the GaN well; thus, the channel resistance increases and results in a longer g m -dependent parameter t 1 . Notably, t 1 = 0 in discontinuous operating mode (DCM); thus, DCM mode can reduce the turn-on switching time and should be a preferred operating mode. In addition, gate lag is delayed response of the drain current with respect to the gate voltage variation at turn-on, and drain lag is delayed response of the drain current with respect to the drain voltage variation at turn-off transitions [10] . These delays will result in a longer transition time. In addition, the analysis methods for the turn-on and turn-off transition time are similar due to the symmetry of the turnon and turn-off processes; thus, we analyze only the turn-on transition time and turn-on gate lag time (t st ) here. The t st can be represented as [34] , [35] 
where C gs = 65 pF is the gate-source parasitic capacitance, L s = 8 nH is the common source inductor, and V mr = 3 V, V th = 1.3 V are Miller voltage and threshold of the HEMT devices, respectively. These parameter settings are obtained from the datasheet of the HEMT device [20] , the others can be obtained from the experiment. R g_on is the series gate resistance and it is set at 22 . i sta is the start drain current at the turn-on transition, and it is tested at 3-5 A while I o is 1.5 A (the peak current through HEMT device is 14-15 A), respectively. V drive_H is the high level of the drive voltage and it is tested at 5 V.g m can be set at 200-600 mS/mm according to the Reference [36] , because it has a minor effect on the t st in this range. Then, the t st can be calculated to be 8.4-14 ns. More calculations for t st are shown in Fig. 6 under various conditions of drain voltage and current. Fig. 6 further presents the transition time and turn-on gate lag time under the operating conditions of 100 kHz and 16.5% duty cycle. As is shown, the tested transition time and turn-on gate lag time are both increase as the drain voltage and current increase. The results also show that the tested turn-on gate lag time is longer than the calculated one based on (8) . Therefore, eq. (8) can be modified by
where the delay coefficient k lag is a fitting parameter. Because the parasitic capacitors of the AlGaN/GaN HEMT are almost constant above 50 V, the R g , i sta , C stray , V drive_H , V mr , and the V th are also almost constant. Therefore, the t st is inversely proportional to g m . That is, g m decreases with increasing drain voltage.
V. DISCUSSION ON THE EFFECT OF PARASITIC CAPACITOR
Furthermore, because the measurements inside the HEMT device cannot be performed directly, we developed a new evaluation method by employing a simulative device with an extended parallel capacitor C ds '. Fig. 7 shows the lumped circuit, and the external C ds ' is assumed to be the intrinsic parasitic capacitor C ds . Thus, I channel and I drain can be measured separately. ) show the tested I drain , I channel , V drain and V drive of AlGaN/GaN HEMT at the turn-on and turnoff transitions, respectively, under 400 V V drain , 100 kHz f s , and 16.5% duty cycle. These waveforms clearly illustrate that the I channel is affected by the charging and discharging of the added capacitor C ds ' during the switching processes. When the device is in turn-off transition and the V drain increases, I channel becomes smaller than I drain due to charging of the C ds '. Similarly, when the device is in turn-on transition and the V drain decreases, I channel becomes larger than I drain due to discharging of the C ds '. The discharging of the C ds ' will result in a rapid temperature increase in a short time, which will facilitate the trapping effects and lead to a further increase in the dynamic R dson . This conclusion is verified by testing dynamic R dson under different C ds ' as shown in Fig. 8(c) . 
VI. CONCLUSION
In summary, the dynamic R dson were extracted by a circuit with floating buck-boost topology under various V drain and C ds '. Then, the average activation energy of device degradation was calculated by extracting the normalized dynamic R dson which is proportional to the device temperature rise and follows the Arrhenius' law. The switching times at the turn-on and turn-off transitions were also captured by an oscilloscope in trigger mode, and the decreasing g m is shown responsible for the increase of switching time. In addition, the influences of the parasitic output capacitor of the device on the channel current and dynamic R dson were investigated by paralleling an extra-extended parasitic capacitor. We found that the parasitic output capacitor would result in a rapid increase in temperature and the dynamic R dson . Furthermore, QRM mode, which has a low V drain and zero start current, is proposed to obtain a lower dynamic R dson and hence alleviate the impact of high field trapping effects. 
